In this article, photothermal techniques were used in order to determine some thermal properties: diffusivity, conductivity, effusivity and specific heat capacity of WC-10 wt. (%) Co six samples subjected to different sintering processes. The samples were sintered using high pressure -high temperature (HPHT) sintering system. The open cell photoacoustic (OPC) used to measure thermal diffusivity is described in detail. The values of thermal properties here measured and evaluated are consistent to those previously reported in the literature.
Introduction
Since the discovery of the photoacoustic effect by Bell in 1881 1 , the so-called photoacoustic techniques have experienced great expansion. Nowadays, they are used in a wide range of scientific areas. The photoacoustic and related photothermal techniques have proved to be a valuable tool to thermal characterization of solids, liquids and gases 2 . This is one of the non-destructive laser-induced photothermal techniques that are based on the detection of periodic thermal waves generated due to a non-radiative de-excitation in the sample, which is illuminated by a chopped or pulsed optical excitation. In this paper, thermal and structural characteristics of hardmetal (WC-10 wt. (%) Co) alloys was examined.
The WC-Co is one of the most common hardmetals. It is a liquidphase sintered powder metallurgical that consists of very refractory carbides embedded in a tough metal binder 3 . Hardmetal WC-Co is widely used in oil and metallurgic industries, in particular, in extensively applications that demanding wear resistance (e.g. cutting tools, drilling and mining equipments, wire-drawing or metal-forming dies) due to the high stability and excellent mechanical properties. Thermal characterization plays an important role to qualify hardmetals. Rare are the literatures that analyze these properties 4, 5 . The present article intends to discuss the thermal behavior in six diversified WC-10 wt. (%) Co samples (Table 1) , which are sintered in a not-conventional route metallurgic powder named high pressure-high temperature (HPHT), normally used to produce synthetic diamonds. For more details of HPHT see references 6, 7 . The quantity that measures the rate of heat diffusion into a material is the thermal diffusivity (α). This property depends closely on the microstructural variations, composition and the processing conditions of the sample 8 . Equation 1 presents the relationship among the thermal properties. In this case, thermal diffusivity and thermal effusivity (e) are defined as in function of thermal conductivity (k) and specific thermal capacity (C), C = ρc, where c is the specific heat and ρ is the mass density.
(1)
The thermal effusivity measures essentially, the thermal impedance of the sample, i.e., the sample's ability to exchange heat with environment 9 . In the present investigation, an open photoacoustic cell (OPC) in the transmission configuration 2,10,11 is employed to evaluate thermal diffusivity and the photothermal technique of continuous investigation illumination on the sample in a vacuum 12 is used to measure thermal capacity density.
Experimental

Samples
WC and Co Commercial powders (of mean particle size of 5 µm both) were purchased from Derivate Ind. Com. These powders were manually mixed to perform the stoichiometry WC-10 wt. (%) Co. The theoretical density of this hardmetal is 14.7% g.cm -3 . Mixture was divided in samples of about 1 g each. Samples were inserted in a graphite cylinder that acts as a heater (due to a current flux that runs through the cylinder during pressing) and then assembled into a calcite capsule responsible for the gasket formation, which ensures a good high pressure distribution into the material. Sintering treatments were carried out using a special hot press (by Ryazantyashpressmash-O138B type 2500 t). Table 1 shows the sintering parameters of WC-10 wt. (%) samples produced by HPHT.
Photoacoustic investigation -measurement of thermal diffusivity
The OPC technique is widely used for several applications aiming at the thermal characterization of great variety of samples such as wood 13 , two layer systems 14 , semiconductors 15 , polymers 16 , clays 17 , and so on. The schematic cross section of the OPC configuration is show in Figure 1 . In this configuration the solid sample is mounted directly on of top of an electrets microphone, leaving a small volume of air in between the sample and the microphone. The sample is irradiated on front surface by modulated light. After absorption, it is converted into heat through the light non-radiative de-excitation. The pressure fluctuations in the gas produced by the periodic heat flow can be detected as acoustic wave signals by the microphone.
In this study we have used a He-Ne laser (25 mW) as the excitation source. The disc sample WC-10 wt. (%) Co is mounted in the top of air chamber using vacuum grease and is illuminated on its surface facing the ambient. The laser beam modulation is produced by a mechanical chopper (Stanford Research Systems SR540). The resulting PA signal is then subsequently fed into a field-effecttransistor (FET) pre-amplifier and leads directly to a "Lock-in" amplifier (Perkin Elmer Instruments mod. 5210), where it is possible to obtain the photoacoustic amplitude and the phase signal, which are recorded as a function of the modulation frequency in an appropriate software program.
Applying the simple one-dimensional thermal diffusion model of Rosencwaig and Gersho 18 , the expression for the pressure fluctuation (δP) in the air chamber is ,
where γ is the air specific heat ratio, P 0 the ambient pressure, T 0 ambient temperature, I 0 is the absorved light intensity, f is the modulation frequency, and l i , k i , and α i are the length, thermal conductivity and the thermal diffusivity of the sample respectively. Here i = s subscript denotes sample and g denotes gas medium. Also σ s = (1 + j)a s where a s = (ω/2α s ) 1/2 is the material complex thermal diffusion coefficient of the material.
If the sample is thermally thin (i.e.,l s a s <<1), Equation 2 reduces to ,
That is, the amplitude of the PA signal decreases as f -1,5 as one increases the modulation frequency. In contrast, at high modulation frequencies, such that the sample is thermally thick (i.e. l s a s >>1), then (4) Equation 4 means that, for a thermally thick sample, the amplitude of the PA signal decreases exponentially with the modulation frequency as (1/f) exp (-a√f), where a s = l s √p/α s . In this case, α is obtained from the experimental data fitting from the coefficient (a) in the argument of the exponential (-a√f).
Measurement of specific heat capacity
The product of density and specific heat, ρc, was measured using, the photothermal technique of temperature evolution induced by continuous illumination of the sample in vacuum. The surface sample is painted black and placed inside a Dewar that is subsequently vacuum-sealed. The front surface of the sample is illuminated with the He-Ne laser focused on the sample through an optical glass window on the Dewar. The back surface of the sample has a thin-wire T-type thermocouple. The thermocouple output is measured as in function of time by using a thermocouple monitor (Hewllet Packard 34401 a Multimeter) connected to a computer. The temperature evolution is monitored up to reach a stationary state. Subsequently, we turn off the laser and the temperature decrease is monitored, as well. Equations 5 (temperature increase) and 6 (temperature decrease) represent these temperature variations, (5)
Results and Discussion
We show in Figure 2 the XRD spectra recorded for samples HPHT sintered hardmetal samples. One can observe that there is practically no difference among the samples, only WC/Co peaks are observed and the Co 3 W phase in presented in all the samples. The Rietveld analysis confirmed the Co 3 W phase in low intensity for the whole samples. Figure 3 shows the Rietveld analysis for 5 GPa/1200 °C/1 minute sample. This sample has 83,7% WC and 6.3% Co 3 W. Table 2 shows the whole thermal properties reached, using our alternative method. One can see in Figure 4 a typical curve for thermal diffusivity measurements for the sample subjected to 5GPa/1400 °C/2 minutes sintering conditions. It was observed that thermal diffusivity values are; in close agreement with previous works by Miranzo et al. 19 and Lauwers et al. 20 . However, the values obtained for thermal conductivity are lower when compared with other papers 5, 19 . sary a good crystal homogeneity for a good thermal flow, because phonons transport heat along the crystalline structure. As our HPHT samples present coalescence, porosity, phase transitions, etc, therefore phonons are easily spread out. The samples 5GPa/1300 °C/1 minute and 5GPa/1300 °C/2 minutes presented lower values of thermal properties due to their microstructure, which do not present a good homogeneity of the WC/Co mixture, during the whole production process. Figure 5 shows the microstructure of the sintered body 5GPa/1300 °C/2minutes, where great cobalt lakes and a not homogeneous distribution of the Co binder are shown.
The samples sintered in 1200 and 1400 °C presented greater thermal property values. In Figures 6 and 7 we can note the microstructure of 5GPa/1200 °C/1 minute and 5GPa/1400 °C/2 minutes samples. The typical hardmetal microstructure can be observed, with the grain growth of some particles of WC (white), porosity (black), and cobalt distribution (dark gray). A more homogeneous microstructure in Figure 7 is observed, which presents a better cobalt distribution and presents Co lakes of the order of 5 to 15 µm, while Figure 6 shows Co lakes of the order of 10 to 25 µm. The presence of a slight gray phase is observed in Figure 7 (with form of spots), which are uniformly distributed. We attribute to the Co 3 W phase, identified in Figure 2 . The thermal energy absorption (specific heat capacity) is lower among the samples due to a not good distribution of the metal binder. Figure 8 shows a typical curve of specific heat capacity measurements in this case 5GPa/1400 °C/2 minutes sample.
The thermal effusivity was determined by e = √kC , which is directly influenced by the thermal conductivity and specific heat capacity. Probably, commercial hardmetals present very higher effusivity in relation to our samples. But, unfortunately, nothing can be stated, In this case, it is desirable that, within the thermal diffusivity (α), the thermal conductivity (k) could also have higher values, because the hard metal works in extreme stress situations, moreover, it is really important that the material reaches in a faster way its thermal balance, so increasing the useful life.
A possible justification for lower values is that in the conventional sintering route, due to the long time that is necessary for firing process, metallic phases appear (W 3 Co 3 C, Co 6 W 6 C), which do not occur for sintering at the HPHT method. Another important factor for the low values of thermal properties is due to the not good homogeneity of the Co mixture. Although our samples present Co addition, there is phonons contribution from the phase WC heat transport. It is neces- because no references were found for comparisons. We intend that these data can play an important role for this kind of material.
Conclusions
The goal of this exploratory work was reached. The open Photoacoustic cell method is very satisfactory and readily provides thermal properties measurements for hardmetals. The metallic phases (W 3 Co 3 C, Co 6 W 6 C) occur, normally to the conventional route, while in the HPHT process there is not enough time to produce these phases. The specific heat capacity presented lower values due to the components distribution characteristics. The cobalt binder did not disperse homogeneously in the samples, originating large Co lakes. On the other hand the thermal diffusivity values are quite realistic to the commercial hardmetals. We can conclude that is necessary more attention to the preparation sample process, mainly in the components
